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Abstract

An intense charged particle beam with directed kinetic energy (75 — 1)mpc? propagates in the
z-direction through an applied focusing field with transverse focusing force modeled by F o, =
—fybmbwg | x| in the smooth focusing approximation. This paper examines properties of the ax-
isymmetric, truncated thermal equilibrium distribution Fy(r,p1) = Aexp(—H | /Tib) ®(HL —Ep),
where A, Ty and Ep are positive constants, and H | is the Hamiltonian for transverse particle
motion. The equilibrium profiles for beam number density, ny(r) = [ d?pF,(r, p.1), and transverse
temperature, T1,(r) = [ d*p(p? /2ypmp) Fy(r, p.), are calculated self-consistently including space-
charge effects. Several properties of the equilibrium profiles are noteworthy. For example, the beam
has a sharp outer edge radius r, with ny(r > 1) = 0, where 7, depends on the value of Ej/ T In
addition, unlike the choice of a semi-Gaussian distribution, FbS ¢ = Aexp(—p?/ 2yymp T’ 1) D(r—rp),
the truncated thermal equilibrium distribution Fj(r, p) depends on (r, p) only through the single-
particle constant of the motion H and is therefore a true steady-state solution (9/0t = 0) of the

nonlinear Vlasov-Maxwell equations.



I. INTRODUCTION AND THEORETICAL MODEL

This paper makes use of the nonlinear Vlasov-Maxwell equations[1-4] to investigate the
properties of self-consistent intense beam equilibria (0/0t = 0) with sharp outer beam
edge at radius » = r,. The analysis considers an axially continuous charged particle beam
made up of particles with charge e, and rest mass m; propagating in the z-direction with
directed axial kinetic energy (v, — 1)myc?, where v, = (1 — 32)71/2 is the relativistic mass
factor, V, = [yc is the average axial velocity of the beam particles, and ¢ is the speed of
light in vacuo. The applied transverse focusing force on a beam particle is modeled in the
smooth-focusing approximation[1-3] by Fj.. = —”ybmbwg X1, where wg, = const. is the
applied focusing frequency, and x, = ze, + ye, is the transverse displacement of a beam
particle from the axis. Finally, the particle motion in the beam frame is assumed to be
nonrelativistic. The main purpose of the present analysis is to describe a particular choice
of self-consistent beam equilibrium distribution function, with sharp outer beam edge, that
can serve as a useful alternative to a semi-Gaussian distribution.

By way of background, particle-in-cell simulations of intense beam propagation[5-9] often
make use of an input distribution function, known as a semi-Gaussian distribution, in which
the phase-space dependence of the transverse distribution function is taken to be of the form

- 2
FPC = _ exp (—719l - ) @ (r—rp) . (1)
2 ypmpT 1y 2o 1

1/2 ig the radial

Here, p1 = (p2 + p2)'/? is the transverse particle momentum, r = (2 + y?)
distance of a particle from the beam axis, n;, and T, are positive constants, and @(z) is
the Heaviside step-function defined by @(z) = +1 for < 0, and &(x) = 0 for x > 0. An
important feature of Eq. (1) is that the corresponding number density of beam particles,
ny(r) = [ d*pi FPY, has the simple uniform-density step-function profile, ny(r) = 7, @ (r —
7p), with a sharp beam edge at radius r = r,, and ny(r > r,) = 0. Another feature of
Eq. (1) is that the local transverse temperature within the beam is spatially uniform with
[ &p(p? J29my) FSG = Tiyny(r), where Ty, = const. A disadvantage of Eq. (1), of course,
is that an input distribution function such as Eq. (1) does not correspond to a quasi-steady-
state equilibrium (9/9t = 0), since F°¢ is not constructed from single-particle constants of

the motion[1, 2, 10]. Because F°¢ /0t # 0, particle-in-cell simulations based on the initial

distribution F;°“ can have a significant transient evolution of the distribution function, even



in circumstances where the beam propagation is nominally stable [9].

Consistent with the assumptions summarized above, a self-consistent equilibrium solu-
tion (0/0t = 0) to the nonlinear Vlasov-Maxwell equations can be constructed from the
single-particle constants of the motion in the equilibrium field configuration. For an ax-
isymmetric beam (0/00 = 0), the constants of the motion involving the transverse particle
dynamics correspond to the canonical angular momentum Fy = xp, —yp,, and the transverse

Hamiltonian H, defined by

2
yan
H = +P(r), 2
L= U(r) (2)
where
1 2 2 €p
V(1) = swmews 77+ —6(r)
2 Y

is the effective radial potential. In Eq. (2), the equilibrium space-charge potential ¢(r) is
determined self-consistently in terms of the equilibrium distribution function Fy(r, p ) from
Poisson’s equation

——r—¢(r) = —eb/delFb(r, P, (3)
where ny(r) = [ d*p, Fy(r,p1) is the number density of beam particles. In solving Eq. (3),
we take ¢p(r = 0) = 0 = ¢(r = 0) without loss of generality. Any transverse distribution
function Fy(r, p1) that depends on (r, p, ) only through the variables H, and Py is an exact
solution to the steady-state nonlinear Vlasov-Maxwell equations|1, 2, 10]. For a non-rotating

beam, this dependence occurs only through the perpendicular Hamiltonian H, , i.e.,

Fy(r,p1) = Fy(HL) , (4)

which is the class of beam equilibria considered in the present analysis.

The organization of this paper is the following. In Sec. 2, the truncated thermal equilib-
rium distribution is examined analytically. The implications of global radial force balance
is considered in Sec. 3. Finally, in Sec. 4, numerical solutions are obtained for the self-field

potential and radial density profile over a wide range of system parameters.

II. TRUNCATED THERMAL EQUILIBRIUM DISTRIBUTION

Equations (2)—(4) have been extensively analyzed in the literature[11-19] for the case of
a thermal equilibrium distribution, Fy(H,) = A’ exp(—H, /T'1;), and for a waterbag equilib-
rium distribution, Fy(H,) = A”@®(H, —E,), where A’, A", T\, and E, are positive constants.
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One characteristic of the thermal equilibrium distribution is that the (bell-shaped) density
profile has an exponentially small (but non-zero) value beyond the beam edge. While the
waterbag equilibrium has a sharp beam edge at radius r = 73, there is no variation of Fy(H )
with energy H, in the beam interior. In the present paper, we combine these two distri-
bution functions into a single so-called truncated thermal equilibrium distribution Fy(H )
defined by
Ty

2mymT 1)1 — exp(—Ey/T1p)]

Fy(Hy) = exp(—H . /Tip) & (Hi — Ep) . (5)

Here, Ay, 11y, and Ej, positive constants, and 7, = ny(r = 0) can be identified with the on-
axis (r = 0) value of number density because ¢(r = 0) =0 = ¢(r = 0) is assumed. Equation
(5) is a fully self-consistent equilibrium solution (9/9t = 0) to the nonlinear Vlasov-Maxwell
equations within the context of the assumptions enumerated earlier.

Substituting Eq. (5) into the definition of ny(r) = 27 [~ dpip. Fy(H.) and carrying out

the integration over p; readily gives the equilibrium density profile

. lexp(—v/T\p) — eXp(ij/Tib)] 0<r<mr
() = { e Y1) )

07 T'b<7'§7"w,

where r,, = const. is the radius of a cylindrical, perfectly conducting wall. Here, the outer
edge radius of the beam (r = r,) is determined self-consistently in terms of the constant Ej,

from

w(r=mr,) = Ey, =1, = const. (7)

This follows for the choice of distribution function in Eq. (5) because the particle motion is
constrained to H, < Ej, or equivalently, p? /2vymy, < Ey — 9(r). Therefore, the edge radius
7p is determined from ¢ (r = r,) = Ej, (where p; = 0), and there are no particles for r > 7.
We substitute Eqgs. (2) and (6) into Poisson’s equation (3). This readily gives the closed

nonlinear differential equation for ¢ (r),

10 0 o(r) _ 2y mpws, - lexp(—1/T1y) — exp(—Ey/T1)]

@ (r—m)| . (8)

ror or Ty, T [1— exp(—Ey/T1p)]
In Eq. (8), the constant
~2
~ wpb
Sp — 9
2y5why ®)
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is a dimensionless measure of the normalized beam intensity, and w,, = (47rﬁbe§ /”ybmb)l/ 2is
the relativistic plasma frequency at r = 0. A careful examination of Egs. (6) and (8) shows
that the condition for existence of a radially confined density profile [the condition for n(r)
to be a non-increasing function of 7] is that the normalized beam intensity satisfy §, < 1.
From Eq. (8), the inequality 8, < 1 assures that {r=1(9/0r)[rdw/0r]},—o > 0 and hence that
ny(r) decreases monotonically as a function of increasing r (see also discussion on pages 200
— 201 of Ref. 1). Whenever the inequality §, < 1 is satisfied, the solution to Eq. (8) for 1 (r)
increases monotonically from ¥ (r = 0) = 0 to the value ¢ (r = r,) = E} = 1 at the outer
edge of the beam. Correspondingly, from Eq. (6), the number density n,(r) decreases from
the value ny(r = 0) = 1y, at r = 0, to ny(r =1,) = 0 at the beam edge.

Other equilibrium properties can also be calculated for the choice of truncated thermal
equilibrium distribution in Eq. (5). For example, the transverse pressure profile is defined
by Piy(r) = np(r)Tie(r) = 2 [ dpipi (97 /2vme) Fy(H1)[10, 18]. Making use of Egs. (5)
and (6), and integrating over p,, some straightforward algebraic manipulation shows that
the transverse temperature profile 7', ,(r) for the choice of distribution function in Eq. (5)
is given by
(—¢/T1s) — [1+ (B, — ¢)/Tus) exp(—Ey/T1)}

[exp(—/T1s) — exp(—Ep/T1)]
for 0 < r <. From ¢(r = 0) = 0, we note from Eq. (10) that the on-axis value of transverse

temperature is T1,(r = 0) = Ty {1 — (Ey/T1s)/[exp(Ey/T 1) — 1]}. Furthermore, for finite

Tio(r) =T {exp (10)

value of E,/T1,, it can be shown directly from Eq. (10) that the transverse temperature
near the beam edge decreases monotonically to zero value, T ,(r = 1) = 0, with T'j,(r) ~
(1/2)[Ey — ¢p(r)] as v — ry and ¢ (r) — Ep = p(rs).

For specified values of the dimensionless parameters 8, = &% /27fw?, and Ey/T,
Eq. (8) can be solved numerically for (r) /T s, and the corresponding density profile
np(r) and transverse temperature profile T'1,(r) determined self-consistently from Eqs. (6)
and (10), respectively, over a wide range of system parameters. Of course, in the lim-
iting case Eb/le — 00, Egs. (6) and (10) reduce to the bell-shaped density profile,
ny(r) = Ay exp|—(r)/T1s], and uniform transverse temperature profile, T,(r) = T} =
const., corresponding to thermal equilibrium[10, 18]. On the other hand, as noted earlier,
for finite value of /T, the beam equilibrium described by Eqgs. (5), (6), (8) and (10) has

a sharp radial edge at r = r}, determined from ¢ (r = r,) = E,. Moreover, the density and

bt



temperature profiles in Egs. (6) and (10) decrease monotonically to zero as r — r3,. This is
expected for the choice of distribution function in Eq. (5) because the maximum transverse
Hamiltonian is [H | |max = E», and the radial location r = 7, corresponds to the envelope of

turning points in the transverse particle orbits for which [p%] = 0 and ¥(r = ) = E} [see

Eq. (2)].

III. GLOBAL RADIAL FORCE BALANCE

Before examining specific numerical solutions to Egs. (6), (8) and (10), we summarize
here an important constraint corresponding to global radial force balance[20, 21] satisfied
by the entire class of beam equilibria described by Eq. (4). We define the statistical average
of a phase function y by

x) = Nib/d%d%bu(Hi) , (11)

where N, = [d?zd®pF,(H.) = 2m [;° drrng(r) is the number of beam particles per unit
axial length, and ny(r) = 27 [~ dpipiFy(Hy) is the number density. Therefore, from
Eq. (11), the mean-square beam radius R = (r?) and the average transverse kinetic energy

((P% + 1) /2wms) can be expressed as
Ty
Ry = (r?) = ﬁb/@ drrr®ny(r)

<M> = (Tw(r)) = ?V—W /Orb drrTyp(r)ns(r) , (12)

b

where ny(r)T1p(r) = Pup(r) = 2r [;° dpipy (pt /2vms)Fo(HL) is the transverse pressure
profile. For the general class of equilibrium distributions in Eq. (4), it can be shown that local
radial force balance on beam fluid element is given by[10, 20, 21] 9P, /0r = —Pybmbwglnbr -
(nves /77 )0¢/Or. Without presenting algebraic details, operating with (2 /Ny) [, drr - - -
gives the exact global radial force balance condition[10, 20, 21]

2 p2 _ Vuep
Yormpw | Ry = 7 +2(T'1s(r)) (13)
b
where R? and (T',(r)) are defined in Eq. (12).
Equation (13) shows clearly that there are two contributions to the mean-square beam
radius R? = (r?). The term proportional to Nye7 /72 = Nyei(1—/37) corresponds to the space-

charge contribution (Nyei) reduced by self-magnetic field effects (—Nyei37), and the term
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proportional to 2(T'4(r)) corresponds to the emittance contribution, proportional to the
average transverse temperature of the beam particles. Indeed, it is instructive to introduce
the familiar quantities corresponding to self-field perveance (Kj), smooth-focusing lattice

coefficient (ks¢), and unnormalized beam emittance (¢) defined by

2 2
K = 2Nb€b . w/gl
b= "3 "5  HRsf =595
T c e

P +p;

2,:12122,.2
Yy miByc

&= ate+ ) )= SR (14

w82
Then, making use of Eq. (14), the radial force condition in Eq. (13) can be expressed in the

equivalent form
Ky

2
€
_— — p— _— 1
(F”Sf zRg)R” AR (15)

which is identical to the familiar envelope equation relating the rms beam radius Ry, to rsf,
K}, and e. For specified values of self-field perveance (K}), focusing field strength (xss), and

transverse emittance (¢), Eq. (15) gives a closed expression for the mean-square beam radius,

Kb Kb 2 62 V2
R = + + . (16)
4/<,Sf 4/<,Sf 4/<,Sf

The radial force balance condition in Eq. (13), or equivalently, Eq. (15), is applicable to

the entire class of self-consistent beam equilibria described by Eq. (4), including the special
choice of F,(H, ) in Eq. (5). Moreover, Egs. (13) and (15) are applicable over the full range

of system parameters ranging from emittance-dominated beams, where

2 €
i Tl = 5= (1)

for (T'4(r)) > Nyei /272 (or € > K},/2,/Fsr), to space-charge-dominated beams, where

R? ~

Rz ~ Nbeg o Kb

~ = 18
Vompwh,  2Ksf (18)

for Nyei/2v; > (T'y(r)) (or Ky/2,/Fsp > €).

In analyzing Eqs. (6), (9) and (10) it is important to recognize the powerful constraint on
system parameters imposed by the radial force balance condition in Eq. (13) [or Eq. (15)],
which relates RZ, N;, and (T',(r)). For example, when solving Eq. (9) for ¢ (r) for specified
value of normalized beam intensity 8, = & /27;w3,, the low-intensity regime (3, < 1)

corresponds to an emittance dominated beam satisfying Eq. (17). On the other hand, the

7



high-intensity limit ($, — 1) corresponds to the space-charge-dominated regime satisfying
Eq. (18).
In addition to S, another convenient measure of self-field intensity is provided by the

rms-equivalent tune depression v/vy defined by

1/2
Y 257 RZ Yomyws, Ry

In the low-intensity regime (5, < 1 and K;,/2kssR? < 1) note that Eq. (19) reduces to

vivg ~1— Kb/4/@5fR§. On the other hand, in the space-charge-dominated limit (3, — 1 and
Ky /265 R — 1), Eq. (19) reduces to v/vy — 0.

IV. EXAMPLES OF EQUILIBRIUM PROFILES

For specified values of the dimensionless parameters §, = &2, /272w?, and Ey/T'4, Eq. (8)
can be solved numerically for the normalized self-field potential (r) /Ty, integrating from
r = 0 where )(r = 0) = 0 = [99/dr],—o. For specified values of §, and E,/T,, note
from Poisson’s equation (8) that a natural dimensionless radial coordinate is r/rg where
rg = (271 /wmew? | )12, Once ¢(r) is determined numerically, the edge radius 7 of the beam
is obtained from ¥ (r = r,) = Ej, and the density profile n,(r) and transverse temperature
profile T'1,(r) are determined self-consistently from Egs. (6) and (10), respectively. Analyt-
ical solutions to Eq. (8) are accessible in two limiting cases, which are useful to benchmark
the numerical solutions. The first case corresponds to a low-intensity (emittance-dominated)
beam with §, < 1 and (T'14(r)) # 0. The second case corresponds to a high-intensity (space-
charge-dominated) beam with §, — 1 and (7'4(r)) — 0.

Low-Intensity Beam Equilibrium (8, < 1): For §, < 1, the space-charge contribution

proportional to §, in Eq. (8) can be neglected to leading order, which gives ¥(r) ~
(wmew3, /2)r%. We determine 7y, from 9 (r = 7,) = Ep, which gives 1} = 2E, /ympw3, -

Substituting into Eqgs. (6) and (10) then gives the density and temperature profiles

es [0 )8/ T)] — exp(-B/ )}

nb(r) - {1 — eXp(_Eb/TLb>} ’ (T B Tb) ’ (20)




and
{exp [(_TQ/TE)(Eb/TLb)} - [1 + (BEy/T1)(1 — 7’2/7“5)} eXp(—Eb/Tib)}

ol =t {exp [(=r2 /) (Ey/T10)] - exp(—E/T)

D(r—rp) .

1)
Mlustrative plots of ny(r)/ny, and T'14(r) /T (1 = 0) versus r/ry, are shown in Fig. 1 for the
case where E,/T;, = 0.1, 1, 10. Note from Egs. (20) and (21) that the beam has a sharp
edge at radius r = 13, and that the profiles for ny(r) and 7' ,(r) approach zero continuously
as r — r,. Furthermore, in the limit E,/T), — oo, Egs. (20) and (21) reduce to the
Gaussian density profile ny(r) = 7, exp(—ympr’w}, / 27'1;) and uniform temperature profile
Tiy(r) = T1y = const. On the other hand, for E,/T, < 1, Eqs. (20) and (21) can be
approximated by the parabolic profiles n,(r) = ny(1—72/r?) and T',(r) = (Ep/2)(1—1%/r?)
for 0 <r <.

Space-Charge-Dominated Beam Equilibrium (S, — 1, (T',) — 0): As a second limiting

case that is analytically tractable, we consider Egs. (5), (6), (8) and (10) in the cold, space-
charge-dominated regime with & = &2 /2v;w3, — 1, and (T',(r)) — 0 corresponding to
T, — 0 and E, — 0. In this case, the applied focusing force and the (repulsive) space-
charge force exactly cancel in the beam interior, and the solutions to Egs. (8), (10) and (6)

reduce to ¢(r) =0, T4(r) = 0 and
ny(r) = e ® (r —rp) (22)

for 0 < r <. Note from Eq. (21) and Fig. 2 that the beam density profile is uniform with
ny(r) = fp = const. in the beam interior. Furthermore, for §, — 1, the beam edge radius
ry = V2R, is readily determined from 17 = 2N,e} /vpmpw3, [see Eq. (18)], where Ny = nymrg
is the axial line density.

Comparing Figs. 1 and 2, there is a large variation in the shape of the density profile n,(r)
between the low-intensity regime ($, < 1 in Fig. 1) and the space-charge-dominated regime
(3 — 1 in Fig. 2). For general values of § and E,/T;, Eq. (8) can be solved numerically
for v (r), and the corresponding self-consistent profiles for n,(r) and T',(r) determined from
Egs. (6) and (8). Typical numerical solutions are illustrated in Figs. 3-6.

Shown in Fig.3 are plots of the normalized potential v (r)/T;, versus r/r, obtained
numerically from Eq. (8) for several values of normalized beam intensity &, = &2, /2v;w3, and

values of £, /T 1, ranging from 0.1 to 10. The corresponding values of tune depression v/

9
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FIG. 1: Plots of normalized (a) density ny(r)/fp and (b) temperature T 4(r)/T1s(r = 0) versus
r/rp obtained from Egs. (20) and (21) for §, << 1, and Eb/le =0.1, 1, 10.

[Eq. (19)] are also shown in Fig. 3. Note from Fig. 3 that ¢(r) increases monotonically from
Y(r=0) =0toy(r=r,) = Ej at the beam edge. Moreover, comparing Figs. 3(a) and 3(b),
¥(r) is nearly parabolic in the beam interior when §, << 1 [ §, = 0.1 in Fig. 3(a)], whereas
¥ (r) remains close to zero in the beam interior, and increases rapidly to ¢ (r,) = Ej, near
the beam edge when §, — 1 [ §, = 0.999 in Fig.3(d)]. At high space-charge intensity with
8y — 1, note from Fig. 3(d) that the effective potential ¥ (r) = ywmew3,7°/2 + (es/7;)d(r)
is approximately zero over a broad interior region of the beam, corresponding to a near-
cancellation of the applied focusing force and the (repulsive) self-field force. The solutions

for ¢(r)/T1 in Fig. 3 are used to determine the corresponding self-consistent density and

10
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FIG. 2: Plot of normalized density ny(r)/ny versus /1y, [Eq. (22)] for space-charge-dominated beam

with §, — 1.

temperature profiles from Egs. (6) and (10). The results are illustrated in Figs.4 and 5
where the normalized density ny(r)mr2 /N, and temperature T ,(r) /T, are plotted versus
r /1y, for values of 8, and E,/T, similar to those in Fig. 3. Note from Fig. 4(a) that n,(r)
has a diffuse, bell-shaped profile for §, = 0.1, whereas in Fig.4(d) ny(r) has an extended
flat-top profile in the beam interior for §, = 0.999, as expected. Moreover, from Fig. 5, the
transverse temperature profile 7', ,(r) decreases rather abruptly to zero at the beam edge
(r = 1), although T'1,(r) tends to be relatively uniform in the beam interior for £y /T, > 2.

Finally, we have made use of Egs. (6)-(8) and (12) to determine the edge radius 7, and
rms beam radius R, over a range of system parameters §, and Ej, /T "1p. Shown in Fig. 6 are
plots of (a) r,/ Ry versus §, and (b) r,/ Ry, versus v/1y obtained from Egs. (6)-(8) and Egs.
(12) and (19) for several values of E,/T,. Note from Fig. 6 that ry/Ry is a slowly varying

function of §, and v/1y, and increases as E,/T'; is increased.

V. CONCLUSIONS

In this paper, we examined properties of the axisymmetric truncated thermal equilibrium
distribution defined in Eq. (5). General equilibrium properties were discussed in Secs. 2 and
3, and expressions for the density profile n,(r) and transverse temperature profile T',(r)

were derived in terms of the effective potential ¥ (r) [see Eqs. (6) and (10)], where ¢ (r)

11
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FIC. 3: Plots of normalized potential v (r)/T1y, versus 7/, obtained from Eq. (8) for (a) 8, = 0.1,
(b) 8 = 0.4, (¢) 8 = 0.7 and (d) § = 0.999, and values of Eb/jlb corresponding to Eb/jlb =
10, 7.5, 5.0, 2.5, 1.0, 0.1. The corresponding values of tune depression v /vy [Eq. (19)] are also shown

in the figure.

solves the nonlinear Poisson equation (8). Detailed numerical solutions to Egs. (6), (8)
and (10) were presented in Sec. 4 for a wide range of dimensionless system parameters
corresponding to s, = &7, /27;ws, and Ep/ T'1s. Several properties of the equilibrium profiles
are noteworthy. For example, the beam has a sharp outer edge radius r, with ny(r > r,) = 0,
where 7, depends on the value of Ej/ T "'p. In addition, unlike the choice of a semi-Gaussian
distribution, F5¢ = Aexp(—p% /2ymsT 1) @ (r — 73), the truncated thermal equilibrium
distribution in Eq. (5) depends on (r, p, ) only through the single-particle of the motion H
and is therefore a true steady-state solution (0/0t = 0) of the nonlinear Vlasov-Maxwell
equations. It is anticipated that the choice of distribution function in Eq. (5) will be useful
in implementing particle-in-cell simulations of intense beams without large initial transient

evolutions, and incorporating the important feature of a beam with sharp outer edge radius.
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FIG. 4: Plots of normalized density profile n,(r)7ri /Ny, versus r/r;, obtained from Egs. (6) and (8)
for (a) 8 = 0.1, (b) 8, = 0.4, (c¢) 8, = 0.7 and (d) & = 0.999, and several values of Ej/T"; and

v/ identical to those in Fig. 3.

Finally, it should be pointed out that the present analysis also applies to an intense ro-
tating beam propagating through a uniform solenoidal magnetic field Byé, in circumstances
where the beam particles have zero average canonical angular momentum < Py >= r(<
po > +epBor/2¢) = 0. In this case, we make the replacement wg, — we/2, and all variables
are interpreted as being measured in a frame of reference rotating with the Larmor frequency

Web/2 = —ep By /2y,mpe relative to the laboratory frame.
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FIG. 5: Plots of normalized temperature profile T’y (') /T'1}, versus r/ry, obtained from Egs. (8) and
(10) for (a) 8, = 0.1, (b) 8, = 0.4, (c) & = 0.7 and (d) 8, = 0.999, and several values of Ej/T",,

and v/vy identical to those in Fig. 3.
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